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PREFACE

This work is part of a larger programme of ionic reaction studies

at thermal energies, conducted by tne authors of this report, which

includes determinations of ion-molecule reaction rate coefficients and

product ion distributions, electron-ion recombination coefficients and

electron attachment coefficients. The work is largely intended as a

contribution to the physics and chemistry of natural plasmas such as

the Earth's atmosphere and the interstellar medium. A great deal of

relevant data has been obtained principally because of our successful

development and exploitation of the Langmuir Probe/Flowing Afterglow

(FALP) and Selected Ion Flow Tube (SIFT) techniques. Parts of the

overall programme are supported by the Science Research Council.
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INTRODUCTION

During the last few years, we have developed two major experiments

designed to study ionic reactions at low temperatures which occur in

natural plasmas such as the Earth's ionosphere and interstellar gas clouds.

These experiments are (i) The Selected Ion Flow 'ube (SIFT) which we

have used to study a large number of ion-molecule reactions over a

temperature range of 80 K - 550 K. (ii) The Flowing Afterglow/Langmuir

Probe (FALP) which we have used to study several plasma interaction

processes, the major effort being directed towards ion-ion neutralization

reactions, the Fr bject area for which we are currently funded by AFOSR

and with which this report is concerned.

Our approach to the st.ady of ion-ion mutual neutralization (ionic

recombination) was first to measure the binary recombination coefficients,

a2 , of the 'simple' ions which are known to exist in the upper atmosphere

(e.g. NO+ + NO - 02+ + CO 3 etc.) and then to follow these studies by

measuring a 2 for several reactions involving 'cluster' ions (e. g.

H 3 0 (H 2 0) 3 + NO 3 HNO 3 etc) which are known to be the dominant ion

types in the lower mesosphere. We were also able to study the temperature

dependence of a 2 for two reactions which indicated a dependence in

accordance with theoretical predictions. As a result of this work we have

been able to suggest the appropriate values of a 2 to be used in mesospheric

de-ionization rate calculations. Details of the technique and tne results of

these studies have been given in previous reports and are reported in

several scientific papers, the references to which are given in the scientific

papers 1 and 2 which are included as the major part of this report.

The work with which this report is concerned represents an extension

of the research programme outlined above and relates to two aspects of

stratospheric ion chemistry.

-1-



(i) Switching Reactions and Mutual Neutralization Rates of

Stratospheric Ions,

Details of this part of the programme are given in Paper 1 (Planetary

and Space Science, In Press) together with all relevant references and so

only a brief review will be given here.

During the last year balloon-borne mass spectrometers have been

flown by other groups to determine the positive and negative ions present

in the stratosphere. Not surprisingly, all are clustered species, the

negative ions being of the kind NO 3 (HNO 3 )n, HSO 4 (HNO 3 )n, HSO 4 (H 2 SO 4 )n

and HSO 4 (H 2 So 4 )n(HNO3 )m and the positive ions being of the type l ("20)n

and H +(H 2 0)n Xm where X = 41 amu. A possible candidate for X is CI- 3 CN

although this is by no means certain. Thus we have used our SIFT apparatus

to study the reactions of CHI3 CN with the well established stratosph ric

species I+ (2 0 )n in order to test the hypothesis that CII CN will replace
H2) 03nteH(o

H20 in the Ht+(H20)n ions and so generate tie ion series i+ (H,0)n'i 3 CN)~

This does indeed occur (see below and Paper 1) and following this we then

proceeded to use tWe FALP apparatus to determine a 2 for several reactions

of the stratospheric positive and negative ions.

(ii) Laboratory Studies of Collision-Enhanced Ionic Recombination:

Stratospheric Implications.

Details of this part of the programme are given in Paper 2 together

wit.h all relevant references. Paper 2 has been submitted for publication

in Planetary and Space Science. Collision enhanced ionic recombination

becomes increasingly important in ion-ion plasmas as the ambient gas

pressure is increased and will eventually dominate the binary process

r tferred to above. Studies of tern;ry ionic recombination have been

ca i'ried out previously at pressur-es above about 30 'Port and up to pressures

in excss or one atinosphcre. No experiments hiave been carried out at

the- relatively low priessu'res appropria te to the niddle stratosphere (1 - 10

Tort) which represents the transition region between low pressure pure

binary ionic recombination (appropriate to the mesosphere) and high

pressure ternary ionic recombination, With our existing FALP technique



we are able tc study ionic recombination up to a pressure of some 8 Torr

in helium and so far we have exploited the technique to study the two

reactions:

NO +  NO + e products
2

ISF + SF 5- + He - products
3 5

We have used the data obtained to estimate the rate coefficients for collision-

enhanced ionic recombination, a2 , appropriate to the complex ions present

in the stratospheric gas.

RESULTS

(i) The SIFT studies show that CH 3 CN rapidly reacts with water cluster

ions via switching reactions of the kind:

+

H+(H 2 0)n + CH3 CN H+ (H 2 0)n CH 3 CN + H20

and generates other ions of the type H+(H20)n(CH3CN) via further

sequential switching reactions. An interesting and important observation

from these studies is that total replacement of 1-120 in the ubiquitous mass

73 anu atmospheric ion H+(H 2 0) 4 does not take place, the ion

H+(H 20)(CH 3 CN) 3 being a very stable, unreactive ion. We were therefore

able to study the mutual neutralization of the stratospheric positive ions

H+(H20)4 and H (H20)(CH3CN)3 with several stratospheric negative ions in

the FALP apparatus. The detailed table of data is given in Paper 1.

(ii) The collision-enhanced ionic recombination coefficients, a 2 for

both NO /NO and SF 3 /SF 5 increase approximately exponentially with

pressure of the helium carrier gas, the latter reaction showing the greater

increase (Fig. 2, Paper 2). We have suggested that this is due to the

smaller mean free path of the heavier ions in the helium and on the basis

of this premise we further suggest that a2' will increase rapidly in the

atmospheric gas (N 2 ), in accordance with the higher pressure ternary ionic

3-



recombination data of Mahan and Person (see references in Paper 2).

Thus, on the basis of these deductions, we have suggested the appropriate

values of a 2 ' to be used in stratospheric de-ionization rate calculations.

Ill CONCLUSIONS

The results obtained from part (i) of the programme are significant

in two respects. Firstly, the SIFT data strongly suggests that Cl3 CN is
+

a viable candidate for species X in the stratospheric ion series H (H0) X m

and so it seems very probable that the major stratospheric positive ions

are of the type HI + (H20) and H + (1120) (CH 3 CN) , although final confirmation

of this is required (an important requirement is to identify an adequate

source of CH 3 CN in the stratosphere). Secondly, the measured binary

recombination coefficients, a2' for several reactions involving stratospheric
-8 3 -l1

positive and negative ions, indicate that a 2  (5-6) x 10 cm s these

values being insignificantly different from the a, values relating to

mesospheric ions, a satisfying result from the standpoint of atmospheric

de-ionization rate calculations. A profitable extension of the work would

be to measure c2 for more highly clustered ions at mesospheric and

stratospheric temperatures.

The major conclusion to be drawn from part (ii) of the programme is

that a faster-than-previously expected increase occurs in the collisional-

enhanced ionic recombination cok-fficient, o2I , at altitudes below 45 kms

in the stratosphere. At 40 kms, o2 2a2 On the basis of previous

high pressure data extrapolated to low pressures, we had previously

estimated that (,,' was approximately 2 a 2 at a significantly lower altitude

(e-.j30 kn). At about 35 km where several recent balloon-borne in situ

expe riments lave been carried out, the effective binary ionic recombination
1-7 3 -1

rate coefficient is now estimated to be ,..,2 x 10 cm s , almost a factor

of two larger than our previous estimates iad indicated.

-4-



Clearly, further measurements of a 2' are required, including

temperature dependence studies. Theory predicts that a 2 varies as

T - i (our experiments confirm this for 2 reactions) and that the high
-2 5 -3

pressure ternary recombination varies as 'r or T . A study of the

temperature dependence of a 2 ' in the intermediate pressure regime could

be very instructive from both a stratospheric and a fundamental viewpoint.

It is also important to study a 2
1 for reactions occurring in different

buffer gases, nitrogen being of obvious interest since we have suggested

that a 2 1 will increase rapidly with N2 pressure. These studies will form

a significant part of our research effort in the coming year when our new

temperature variable FALP apparatus will be fully operational.

i
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PAPER 1

ION-ION MUTUAL NEU TRALIZATION AND ION -NEU TRAL

SWITCHING REACTIONS OF SOME SI'RA POSPlIERIC IONS

Planetary and Space Science fIn Press)
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Abstract

Following the recent mass spectrometric observations of the

ambient stratospheric positive and negative ionswe have carried out

co-ordinated laboratory experiments using a selected ion flow tube

apparatus and a flowing afterglow apparatus for the following purposes.

(i) To consider whether CH3CN is a viable candidate molecule for the

species X in the observed stratospheric ion series H+(H20)n(X)m and

(ii) to determine the binary mutual neutralization rate coefficients,

(i, for the reactions of H+(H 2 0) 4 and H+(H20)(CH3CN)3 with several

of the negative ion species observed in the stratosphere. We conclude

from i) that CI5CN is indeed a viable candidate for X and from (ii)

that the i for stratospheric ions are within the limited range

(5-6) x lo8cm3S-.
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INTRODUCTION

The major positive ions present in the mesosphere are known to be the

cluster ions HO+(H20)n - hydrated hydronium ions (alternatively

designated here H+(H20)n+1 - proton hydrates) as a result of the

pioneering measurements of Narcisi and his colleagues (Narcisi and

Bailey, 1965; Narcisi and Roth, 1970), substantiated by the work of

Goldberg and Aikin (1972) and Arnold and Krankowsky (1977 a,b). The

negative ions are predominantly the "simple" ions CO-, HCO 3 -, N)-

and their hydrates, the CO3-(H2 0)n, NO -(If20) and NO(HNO) cluster

ions (Krankowsky et al., 1972; Narcisi et al., 1974). In previous

experiments in this laboratory the binary positive ion/negative ion

mutual neutralization rate coefficients, -(i, (ionic recombination

coefficients) for many reactions involving these mesospheric ions

have been measured (Smith and Church, 1976; Smith et al., 1976;

Smith et al., 1978b) and the most appropriate values of '. for

atmosphere de-ionization rate calculations have been suggested

(Smith and Church, 1977).

The higher ambient pressures in the stratosphere present a more

challenging problem in mass spectrometry and so data concerning the

ionic content of this region have only recently been obtained and then

only within the limited altitude range of approximately 30-40km using

balloon-borne mass spectrometers. Thus the data of Arnold and

Krankowsky and their colleagues (Arnold et al., 1977, 1978), of Olson

et al. (1977) and of Arijs et al. (1978) indicate the presence of

the inevitable proton hydrates H+(H 20). coexisting with another group

of ions H+(H20)nXm. On the basis of the earlier (erroneous) indication

of the mass of X (= 40 amu) together with thermodynamic reasoning,

Ferguson (1978) suggested that X was probably NaOHf. However, the
-1-



most recent measurements show that X has a mass of 41 anu (Arnold,

1980; Arijs et al., 1980/81). A possible designation for X is CH3 CN

(methyl cyanide or acetonitrile one of the possibilities suggested

by Arnold et al. (1978) on the basis of their earliest measurements,

although as yet no satisfactory mechanism for the production of CH3CN

in the stratosphere has been identified. Data have also been obtained

relating to the negative ion content of the stratosphere and these indicate

the dominance of large cluster species of the type NO3(HNO3)n#

HSO4 -(BNO 3)n, HSO 4- (H2so4)n and HSO4-(H2SO4)n(HN03) m (Arnold and

Henschen, 1978; Arnold and Fabian, 1980; Arijs et al., 1981),

designations supported by flowing afterglow experiments on the

production and reactions of such ions, carried out in the NOAA

laboratories in Boulder (Fehsenfeld et al., 1975; Viggiano et al., 1980).

Stimulated by the in-situ observations, we describe in this paper

measurements of the binary mutual neutralization rate coefficients for

several reactions involving some of these stratospheric positive and

negative ions using our flowing afterglow/Langmuir probe apparatus.

In associated studies using a selected ion flow tube (SIFT) apparatus

we have demonstrated that CH 3CN can rapidly displace H 20 from H(H 20)n

ions and thus CH3 N is a credible candidate for X in the H+(H20)X m

stratospheric ions. These data also provided crucial information

which allowed us to satisfactorily pursue some of the ionic

recombination measurements.

-12-
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EXPERIMETAL

Details of the flowing afterglow / Ilangmuir probe (FALP) and selected

ion flow tube (SIFT) experiments have been given in previous

publications and so only the essential features and tho.;e detail:.

specific to the present neries of experiment.; will be referred to

here.

The SIFT Experiment

This has been described in detail in a recent review (Smith and Adams,

1979). In essence, it involves the injection of a rass analysed beam

of ions into a fast flowing carrier gas (helium in these experiments),

in which the ions thermalize by collision as they are convected down

a flow tube. Reactant gases are added to the carrier gan and the reaction

rate coefficients and product ion distributions are determined by

correlating the primary and product ion signalsobserved by a downstream

mass spectrometer detector,with the rate of addition of the reactant

gas.

In the present experiments, H+(H 20)n ions (n = 1 to 4) were

generated in a subsidiary flow tube ion source (the details have been

recently discussed by Smith and Adams, 1980) and injected into the

flowing carrier gas with low energies (<10eV in the laboratory frame)

in order to inhibit their fragmentation in collision with the helium

atoms. Controlled amounts of CH 3CN were introduced into the main flow

tube by monitoring the flow rate of a prepared helium/CH3CN mixture of

known partial pressures of the two components (30 torr of CH 3CN in

1000 torr of helium). Thus reactions of the kind:

H+(H 2 0) n + CH3 CN- H+(H 2 0) n 1 (CH3 CN) + 1120 (I)

- 3I -
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were observed to occur and their rate coefficients were determined in

the usual way. Sequential reactions with CH 3CN were also studied.

The measurements were made at temperatures of 200 and 300 K. The

total absence of water vapour from the main flow tube allowed the

study of reaction (1) without complications due to its reverse reaction

which regenerates the proton hydrates. Such is an important consideration

in the stratosphere (see below).

The FALP Experiment

Detailed discussions of the technique have been given in previous

publications (Smith and Church, 1976; Smith et al., 1978b). The

major requirement is to generate a positive iozVnegative ion flowing

afterglow plasma totally devoid of electrons and in which ideally either

only one positive ion species and/or only one negative ion species

exists. Under these conditions, a movable Langmuir probe is able to

determine the ion density in the flowing afterglow plasma at any point

on the axis of the plasma column. Thus ionic recombination coefficients

can be determined by measuring the ion density gradient along the plasma

column and hence the time rate of change of ion density with a knowledge

of the plasma flow velocity (Adams et al., 1975). The positive and

negative ions in the plasma were identified using a downstream

quadrupole mass spectrometer.

In these experimento it is a simple matter to establish H+(H 2 0):f as

the dominant ion in the afterglow by introducing controlled amounts

of water vapour upstream or downstream of the microwave discharge which

generates the afterglow plasma (see Smith et al., 1978b for further

details). From the GIP2 studies described in the next section, we

discovered that by the addition of sufficient CHCN into the I[e/20

afterglow the 11"(H0)4, ions were converted exclusively to the

-14-



H+(H20)(CH 3CN) 3 ions, an observed stratospheric ion npecies (ass;uming

X = CH CN). Both the H0 and CH3CN were introduced into the flow tube3 2 3
by bubbling helium through the respective liquids and hence passing the

saturated helium/vapour mixture into the flow tube. The negative ion

species were generated by passing electron attaching gases at appropriate

flow rates through the microwave discharge. Thus, by using NO2' the

ions NO -, NO,-(HUO3 )1 ,2 could be generaLed in varying fractions -nd by

using SOZ/H20 mixtures, HSO, SO3-(H 2 0) and HSO2-(H 2 0) could be

generated in varying fractions. To generate the sulphur containing

negative ions it was also necessary to introduce the It20 upstream

of the discharge. Cl- ions are readily generated as the only negative

ion species in the afterglow by adding Cl2 upstream of the microwave

discharge. Ionic recombination coefficients were determined for various

combinations of the types of positive and negative ion species. All

measurements were made at a temperature of about 300 K.

-15-
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RESULTS

SIFT Data

Rate coefficients, k, were measured at 200 K and 300 K for the

switching reactions:

I+(H02)n + ClI3C -. >- (H 20)nI(C3CN) + H2 0

for n = 1 to 4. 'Te results obtained are presented in Table I together

with the gas kinetic rate coefficients, kADO, calculated using the ADO

theory of "u and Bowers (1975). The reactions proceed very rapidly,

essentially at the gas kinetic limiting rate within the accuracy of the

experimental data (1 30% on the measured rate coefficients). The

significantly smaller k for the larger proton hydrates is in accordance

with the larger reduced mass of the reactants, whilst the very large

absolute values of k and kADO are a consequence of the large polarizability

(Le i,'evre, 1965) and dipole moment (Nelt;on et al., 1967) of CI 3CI.

gequential biwitchingv reactions of the kind

+ CWCNI +CN+
11 (II 0) l+(H20)aI (CH3CN) (i(H 0) n_(CllCN)2 -- .... (2)

2 n 2 3 + --- 2 n-- 5

were observed to proceed rapidly. Thus 1+(if20)2was readily converted

to }{+(CH 3 Ci) 2 . However for the higher order hydrates f+(1120)3 and

1+(H 20),, complete replacement or the 1120 was not observed and at both

temperature:; the reaction :;equence.- terminated with the ion vetainin)

one 11-0 molecule:

+ _ ( __0II)CN +1 (CiCN)II CN + iH 2 3 0)- I('2'? 3 C IIC (Ho)(C

SH+(II20)1, CH3 CN +(, 0) (H CN) CH3CN H +(H 0) (ClI cN) cGU 0) + (>CtC'n1)Ljt
22 Jc3 2 2 3 2

h'Aus the terminating ions in these series were II+(H2o)(CH CN) and
1 3 2

If[+ (if0)CII CN) . 'he ions H+(CI[3CN) and II+(CI CN )4 were not produced2 3)3 34
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at significant rates. It is however worthy of note that during the

course of our measurements we observed that the three-body association

reaction:

H+(CHCN) + CH CN + He-I1+(CH3CN), + He (5)
2 3

proceeded extremely rapidly at 200 K, the estimated rate coefficient

being about I x 1025 cm s- . Further addition of CILCN proceeded only

very slowly. These observations are in accord with the thermodynamic

data of Meot-Ner (1978) which show that the bonding of the third

CHLC in the H+(CH CN) 3 ion is relatively weak. Our kinetic data
3 3

indicate that the H+ (C3 CN) 2 - If 20 bonding is significantly stronger

than the H+(CH3CN) 2 - CH3 CN bonding and similarly the H+1(C10V -

bonding is stronger than that of H+(CH CN) - GH-GN. However structural

differences in these ions may critically influence their relative

stabilities.

FALP Data

Data were obtained for the mutual neutralization of two stratospherically

observed positive ions, H+(I2 0) and H+(H 0)(CH3CN) 3 (assuming X = CI3C1)
2 n 2

with several observed stratospheric negative ions. The summarised binary

recombination coefficient data ('( i) are given in Table 2. The

were obtained from linear plots of the reciprocal positive ion density

as a function of distance (and hence recombination time) along thr, after-

glow plasma column. Both the positive and negative ions present in the

downstream part of the plasma were identified by the quadrupole mass

spectrometer located there. Unfortunately we were not able to generate

plasmas in which only a single stratospheric negative iun speciez; existed

with the above positive ion species (see Table '). 11owever -;ince a ringle

positive ion ;pecies war; present, then the ion density in the plas;ma nnd

-17-
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the mean mass of the negative ion species could be obtained readily

using the Langmuir probe. That the latter correlated with the mean

negative ion mass as determined by the downstream mass spectrometer

indicates that the fractions of the various negative ions remained

essentially invariant along the length of the plasma column. The

data in Table C show that ". for all of the reactions lie within the

8 3 -1limited range (5-6) x 10- cm s . Such is also the case for the

relatively simple reaction:

H+(if 0)(CH CN) + CI- - products (6)
2 3

involving the simple negative ion species CI- which we have previously

shown also reacts at a very similar rate with H+(1{20 )4 (8mith et al.,

1978b). The relative invariance of o. with the nature and complexity

of the reacting positive and negative molecular ions (clustered or not)

i: consistent with all our previous data for these binary neutralization

reactions. We have .;uggested rea;on; for this phenomenon in previous

publication,; (mith and Church, 197?; Smith et al., 1978b); it is

:ufficient to restate here that these neutralization processes are

extremely rapid and efficient occurring with large qan thermal cross-

nections > 10-12cm2. It is worthy of note that when both the positive

and negative ions are atomic then the o(. are smaller by at least 2 orders1

of magnitude (Church and Smith, 1978).

3I °RSASPHERIC 14PLICA TIONO

The GIFT experiment-n :;huw that ClI 3 CN rapidly replaces 1120 in proton

hydrates and therefore the presence of C113 CN in the stratosphere would

result in the formation of the H+(1 2 0)m(CILC w ion.; via the reaction

:cequenccc indicated by equations (3) and (4). Very 5ignificantly, ions

wit!, rasues equivalent to the ions included in these sequences have

been ob:erved in the :;tratosphere (Arnold et al., 1978; Arijr, et nl.,

1 8



1980/81) excluding those equivalent to H+(CI3CN) 3 and lI+(CII3 CN),

which also are not observed in our laboratory experiments. Whilot

these observations do not constitute proof that X = CJI3 CN, they clearly

indicate that CH 3CN is a viable and likely candidate for X. Also no

CH 3CN containing ions which originate from the lower order proton

hydrates (H+(H 2 0)n, n = 1,2) are observed in s;ignificant concentrations

in the stratosphere consistent with the absence of these proton

hydrate precursor ions from this region.

In the stratosphere, the higher-order proton hydrate H(i 0) 5
2)

is observed, together with the substituted ions which are presumably

produced thus:

CH CN CH.CN
H+(H 20) 5- - H+(H20)4(CH 3N) -- 3---H + (H20) 3(CH3 CN) - . (7)

Unfortunately, by operating the ion source at room temperature, w.e were

not able to generate sufficient densities of H+(II20) 5 in our flow tube

ion source (this must await the completion of a low temperature version)

and so were not able to determine the terminating ion in this sequence (7).

If H20 and CI5CN ( X ?) co-exist in the stratosphere then the following

equilibrium reactions need to be considered:

H+(H20) + CI[3CN k H+(H20) n-1 (CH 3CN) + I2 (2)2n 3 2 n-1
r

The very large rate coefficient for the forward reaction, kf, relative

to kr ensures that only a small fraction of CII3CN relative to H 0 would

be necessary to allow a significant concentration of the mixed cluster

ions to exist in the stratosphere. The fraction of CH3CN/H20 required

to generate the observed equilibrium concentrations of the various ionic

species is, of course, dependent on the equilibrium const;ants for the

various reactiona. Since we have shown that the k fs are gas kinetic

and essentially temperature independent then we only require the
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appropriate k rs at stratospheric temperatures. To date we have been

able to obtain experimentally an upper limit to the rate coefficient

for the endoergic reaction:

(H 20)(CH3 CN) 3 + 1120 kr H+(H20) 2(CH3CN)2 + CH3CN (9)
2 l 3312 223 31

This is 1012 cm3s 1 at 300K and will presumably be lower at the lower

temperatures of the stratosphere. Thus, if we can assume that a typical

k 10-4 kf then, for concentrations of H+ (H 0) X of about 10%r 2 n m
of the concentrations of the H+(H20)n ions, the CH3CN concentration

would only need to be 10-5 of the I,0 concentration. 'This is

equivalent to a stratospheric mixing ratio for C}{,CN of - 10-

2
assuming a mixing ratio for H10 of - 10-6. At - 35 Km altitude where

most of the in-situ data have been obtained, then the required
33

concentration of CH CN (- X) is ; 10V molecules; cmi. %Whilst this is

a relatively ";mall concentration, no adequate sources of CIl CN in the

stratosphere have yet been identified. However our previous SIFT

s;tudies of ion-molecule reaction: of s3tratospheric interest (Smith

et al., I')78a) have indicated that possible sources of C-N bonded

compoundeare the reactions of the N+ and N3 + ion with hydrocarbons

(e.g. CH{4) although such sources have to be justified quantitatively.

More likely sources of cyanides are neutral-neutral reactions between

nitrogen atoms and carbon bearing molecules.

The present recombination coefficient data (Table P) together with

the zsubstantial amount of previous; data for other reactant molecular

ions indicate clearly that the '<. are relatively independent of the
1

nature of the cluster ions and are therefore probably insensitive to

the nature of X. Thus the (3. for the binary mutual neutralization of
1

stratosphere-type positive and negative ions measured at a temperature

of 300 K regardless of the actual nature of XC will be within the very

limited range of ([-6) x 0-8 cm3s- 1, A:;suming- a tenperature dependence
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-112
of l t. T -  which we have shown is valid for .;impler positive ions

over an appropriate temperature range and which is theoretically

predicted for such reactions (Olson, 1972), then at the lowest

stratospheric temperatures o(* would only increase by about 1f% from1

the 300 K values. Thus an appropriate mean value for ( i to be used

in stratospheric de-ionization rate ccefficients is (6 - 2) x 10- cm 3s- 1

the uncertainty including the spread due to the temperature variations

within the stratosphere and errors in the measurement of o.

No data are available concerning the nature of the neutral products

of the mutual neutralization of cluster ions but it is to be expected

for small cluster ions that the cluster molecules will be returned to the

gas phase where they can undergo further reaction. However it is known

that the recombination energy of the positive cluster ions, E ,, decreases

and the electron detachment energy of the negative cluster ions, ED, increases

with increasing order of clustering. For even larger cluster ions, 1 1

can be larger than ER and so for the interaction oF two such ion3, simple

electron transfer cannot occur and so a "coalesced zwitterion" (Castleman,

4979) might form. These strongly polarized "neutral clusters" could

then act as very efficient nucleation sites and initiate the rapid

growth of aerosols in the stratosphere (see the discussion by Arnold,

1980b). In ion-ion mutual neutralization reactions for which ER > ED,

their neutralization could occur producing fragment neutral cluster;

bound only by weak polarization forces (e.g. (H0) (CH3 CN) ) and whil;t

such species would exist in low relative concentration and have a short

lifetime in the stratospherelthey could nevertheless play a role in

the stratosphere ion chemistry.

2! -
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Table 1

Rate coefficients and product ions for the reactions of H+(H20)n ,

n = 1 to 4, with CH CN at 200 K and 300 K.

Rate Coefficients, k, x 10
9 (cm3s- 1)

Measureda Calculatedc

Reactant Ion Product Ion at 200 K at 300 K kADO

H+(H 2 O) H+(CH5 CN) 4.5 4.6 3.93

H+ (if0) H(I120) (CH CN) 4.0 4.0 3.21

H+ (1 2 0) 5  H+(H 20) 2(CH3CN) 3.5 3.7 2.92

H+ (i20) H+(H 2 0) (CH CN) 3.2 3.5 2.76

a. The rate coefficients are accurate to within + 30/D.

b. Mackay et al. (1976) obtain k = 4.7 x 10- 9 cm s 1 for this reaction

at 500 K.

c. The values were calculated for a temperature of 500 K. The values

for 200 K are insignificantly different (about 1% larger).

26 -



Table 2

Binary recombination coefficients for the mutual neutralization of H (H20)4

and Hl+(H20)(CH3CN)3 with mixtures of negative ion species at 300 K.

Positive Iona Negative Ions () Hecombination Coefficient

x 108 (cm3s - 1)

HSO4  30

NO3 -(H 2 0) 30
NO3 -(HNO

3 ) 15

140 aiu 25

HSO4  35

+(H20)4 3 20) 25 6.6

HB0 2 - (H20) 20

so- 20

H(H2O) (CH CN) f CI- 95 6.8

N0NO ) 60

B+(H20) (CH CN) N 3 -  66.3

2 3 3 NO 2-  35

ft+(H20) (CH3CN)3  NO 4(HNO 3 60 5.9

2 3 3(Noo3 )  40

NO0-(HNO) 40

Hl+(H 20)(CH3CN) 3  HSO4- 30 5.9

140 ainu 30

HSO4 30

+(H 0)(CHCN) s3 5.
"3HSO2-(H20) 25

O LO3- (H 20) 15

a. In each case H+(H 2 0) 4 or H+(H 2 0)(CH3 CN) 3 was greater than 9'f%, of

the positive ion content of the ptasina.
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AI33T2:ACT:

Measurements are described of the dependence on helium

pressure (0.5 to 8 Torr) of the neutralization coefficients, O&',

for t,.e reactions (i) N0 + 02 He and (ii) i" + SF + Ac.
Sn 3  5

Coe 2 is obs-erved to increase ap roximately exponentially with preszsure
2

from the zero :,ressure pure binary coefficient,3,, the rate of increas of

2 being c'reater for (ii) than for i). A qualitative explanation

is suvg.ested in termn of a mechanism involving the differing ion mean

fre ati in helium. These ideas are used, in combinati n '.it}h t e hiher

pressure data of d.1ahan and Person, to oitain es-timates forW, for

x1eutr:t.iiA-,.aLin reactions of heavy ions in nitrogen. Thu, approximat,

values for*(2 for use in stratospheric de-ionization rate calculations are

presented.
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INTRODUCTIONI

The prene flee of tlectron.- andl n-, t i v- i on-'; i ni t h m:;o;r i c

plasma t~ltu:! t ch:tr--,vd ;purL in enearili::i occur.; vi a

electron-positive -ion di ;,;ocintiv( rucomlbintatiori :tni no,;tiv- ion

positive, ion mutual neutralizationi. Thte latt--r i3 01L0,1 t rit-cd bir -r

ionic rcecorbintion and is exempliLficd by Liw re c.ion

NO ++ NO2 - NO + NO,

which, at Vic low arbiont pre.n-tiros of !tIi mc.-osphere,i.:; t",, on! y i

ionic roambinzition proce.ns. Bolow -ihout 6011( alt. iid-' in .;.'t;h

*and troos-.ilv:'e eL-ectrons arce.-,G 'nti:!Uy ibno ri a- .o (4-,-.o-

* Iaerosol -iccretion) ionic recombin.-tion i.- tof only ri'utratiition roc< .

In the hi~her ~,esr~lowor altitude re ioz, iii ndi j1 to (1), t:_i

t'-rnary ionic rfecombin-tion procc.;icetmifc by:

110 U (H 20) n+ N 3 O31- 2 --- neutral products + A 2  ( 2)

mu:;t be consid'-red. in (r2) the ncutrrAiz'ition. riL.. i. n".->no. i..A

nrvezonce of the ( tiird boody) N mol'm'ile , t -C: tciency ot' iici r-tct, On.

increasin-;wi:.h t :e coricentra Lion of t'. third Iy.1hi iI

aspects of atmiosphere ion ch' mi:;try havve r cf-iilyj boen -,'vi-!wud b,,it

and Adams(10)

The mont d La ilod study of bin:iry iorni er'comb 0: Li on it I, -fi c a '-ri

out by .3mi th -trw 1!in rcoloiwueo izin n- :iFe oaf. io/r mi. aob,

(FALP) technique (Hrn ith ;ind Church, 1976; :m ith ... *,1,6

The meaLsure mmen were. carrie.d out of 300CK in i holi im m '

at pres.s-ures up to about one Torr for a v.,riety of m.-u;: jdlpti ?dea .- .

and clustcred, positive and nega,-tive iono. The iirre'hn a

coerficient, NC,, w,15 independvent of th-e he '.warn :tr. -iv., indic.-

no si;-ni f ica nt con trihbt ion to f i it neui tr.- li - r)n . occu i vri 1-vI

(3 ) Xa - a 4a a I



studied over a limited temperature range (Smith and Church, 1977), and

C( was ob.;erved to vary as T - in accordance with the theoretical
2

prediction of the absorbing sphere model of Olson (1972). An important,

feature of the results of these studies is the relatively small differences

in 02 for reactions involving positive and negative ions of widely

varying complexities. On the basis of their data and of previous data

on the ternary process from other workers, Smith and Church (1977) have

indicated the appropriate vaiuts of C( to be used in atmosheric

de-ionization rate calculations and also indicated that bilow about 30km in

the atmosphere, ternary ionic recombination increasingly dominates over

the binary process. L
The te n '-ry proce:;z was studied extensively during the first half of

t is century, both exrerJm,-nt:, y and tiheoretically. l*ost effort war directed

towards the ro-c:l, Thom:;on re.if:me (the intermediate pres,.-ure range,

~100 - 1KY()O Torr) tnd to the so-called Langevin - ia-rp r regime (the high
.

pressures regime, above about 1000 Torr) More recent (xp. rimental work

ha--, ext nded the jnve stig-;,tion:; to pressures as low as a few tens of Torr

(Tainan anj ,r;.n, 1',(T; !.'cGow:,.!l, 1")67). The rs,ults of these studies

hav." b.'. disqcu'.,d in re.v-ral revie':s (e.g. Sa-'rs, 1962; Flannery,

1), 1976; I!jiein, V)7'.). The most rec.ent, cxp,.riments have been carried

out by Se.nnh:i.u.s.er and Arr;trong; (19478, a ,b,) who have determined ternary

C:f i ( r, t; in 1:l /14,,0 r.iixtureu: within the pre:;sure range 35 - 1200 Torr

)t )ii n d coripired t!(eir result:s with their own theoretical model.

;,1 t jh: |rviou.r. data u. ob(, ind without ma: identi fication of the ions

involved in ti nutrli:-ation processn,, the ion id,.tifications being guessed

at from ion-chemical rea;oning. The recent tieoretical work is mostly

due to B',tes and his colleagues (Bates and Moffett 1966, Bates and Flannery

1968, B!t.e and Mendasc 1975, 1978 a, b) which relates to the low and

intermediaite pres:mure regimes. The most recent review of the subject



is that given by Bates (1979).

There is now a need to study the very low pressure regime

(clarified later) in which the pure binary mutual neutralization rate

is just beginning to be enhanced by the onset of collisional effects.

Such a situation obtains in the middle stratosphere, a region currently

being investirated using balloon-borne inLrtruments and in which data

on ionic recombinition rates; (bot-h binary and tery.airy) arc important

for de-ionization rate calculations (Arnold et al., 1977, 1978;

Arnold 1980). Previously, estimates of effective rccombin ntion rates

in this very low pressure regime have been obtained by extrapolating

high pressure data ("An entirely unacceptable procedure" - Bates and

Mendas (1978b), as we shall also see from the present data given in

the Results section).

To provide some experimental data in this very low pres ur, regime,

we have used our FALP technique to study at 500K t.-e dependence on

helium uressure of the effective binary recombin:tion coeffJicients

for two pairs of simple reactant ions:

NO + NO- + lie > products (3)

+ SF + Ile products (h)

These reactions were chosen for this initial study since tie ions could

be generated in sufficient concentrations and in the absence of

significant clustering of the ions to other molecules at 300K even at

the highest helium pressures (;. 10 torr) at which we ar'e able to use thc

FALP combination. Ideally, from an atmonpho'ic view,oint, nitro.-en rather

than helium would have been a more appropriate tird body (carrier gas),

but 9 in attempting to use t!.is, experimental difficulties were encount red

a:; referred to below. Neverthelesu, these preliminary data do reveal

a marked dependence of the ionic recombination coefficient. on the pressure

-35 -



of the third body. This has direct relevance to stratospheric de-ionization

and has enabled us to make somewhat better estimates of the most

a,,propriate recombination coefficients for these regions.

EXPERIM M;: ;TAL

The FALP technique has been discussed in detail previously (Smith

et al., 1975; Adams et al., 1975; Smith and Church, 1976) and only the

salient features will be mentioned here. Ionization is created by

a microwave cavity discharge in the upstream region of a fast-flowing

helium carrier ra.; and a thermalized electron - positive ion afterglow

plasma is g nerated downstream of the discharge and distributed along

the len;Tth of n flow tub(.. The addition of an a;-ro riate amount of an

electron at taching gas either upstre-an or dournstream of the discharge results

4n tle CneratJon of characteristic nega.tive ions and positive ions in

the lc nnd the total rmoval of electron.-. At sufficiently high

h]ur prer;:uren > ,0.4 tori') and rositiw, ion/n-'orutivc ion number

';iti (n , n) the ion-ion plasma canes recombi:ntion controlled

armd ionic r(comb-natjon coefficient; can then be determined by measuring

,he ion density gr.,dient down the flow tube and the plasma flow velocity

(Ad:n (t al 1/5) usinr- our Lmnmuir probe technisue. The ionic sr,ecics

;', in tU. afto glow plasma are detr!Aned usin.' a downstream

pidr'u.,oc rs:;:: -,sarctrom tr/detection system and additionally the relative

r ,:a;::] of , por.itivi. ;ind ni,-utive ion:, (M+/ ) can b- u1;teorr.in, d at any

o' ut t' in ti' n:;u:. u:-ir, i,' , raioir .rob wL i e. a rv, a ar a chiecl: on

t;!(. do; :,tri-.u m;. s:,c ro..ter m-:. . idntific't rn,.

The two ret,ctLon:; chose;n for ::tn; . ((3) ;a,; ( ) ) 1 :w"v previously

been ,;tudied in some detail at low nre;sires I Tort) wcre onl y pure

binary mutual neutralizatiori occurs (Smith andl Church, 1976, 177; Church

and Sm!ith, 177) and the experimental details relating to the pen-ration of the

-'M;i
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particular ion-ion Plasmas are given in the relevant referances. It

is sufficient to say that the reactant gases used for these reaction-

were NO2 for (3) and SF6 for (4). The maximum pressure at which we

could study these reactions was about 8 Torr as a result of the loss

of ionization density in the downstream measurement zone of the flow

tube and inadeqnate ion current reachirQn the mans spectromn.,t.r

preventing positive identification of the ions pre:sent in the plIma.

This was a direct result of the necesszty to throttle the Roots pump

(used to flow the helium carrier gas) in order to rase the helium pre,;sure

which reduced the carrier gas flow velocity, tht. amount of ioniZaLion

extracted from the discharge and the density; of plasma flosi;ng into the

downstream measuring zone. In the study of recombin:ttion rea:ctionr of 17

stratospheric significance it would obvi',usly have ben more a ?propriate

to use a nitrogen carrier gas. H]owevr the microwave discharge in pure 112

is extremely nais. and anfortuniately preventld .;-ttir' ictor op..,- Aion

of the L-. unCeir probe in the afterrlow of thin (i:clere.

The Langnuir probe technique is dc:scribed in detail in the refrences

already cited, but it is important here to refer to a :)otontiil problem n

when tLey are u.;ed at relatively high gaG prese;ureL. In our approlch,

positive and n'?ative ion number denitiez are dc:tern ned from an

analysis of the current-voltage characteristic. obtained in the so-called

orbital-limited-current regime. In this analysis, it.is rqquired that no

collisiono occnsr bctw ,-n tav ion:s and tie!( ambient g-,a:. ;;t.ams; or molecules

within thie sace chr ge fheath which surroundo t he poitively or negatively

biased probe. \Then this and oth(r wet-1defin,.d crit,'rja (involving such

paranmeters a., the probe size and th, ebe;sa den:- ity etc.) are

satisfied then a plot of probe current -,q,,.rf-d (i 2) a;gainst probe potential

with resect to the plasma potential (V should b, lincar and n+ or n can

b obtained directly from the, nlo e of the line. Such is to be expected

_3 7-
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under the conditions of our experiments at low helium pren.cur-s and

indeed has been observed to be so in the numerous experiments we have

carried out to determine binary ion-ion recombination coefficients (see

cited references).

However, as the pressure is raised ion collisions must eventually

occur within the space charge sheath and therefore, at the higher

Pro.,ssures of the present experiments, one has to be cognizant of potential

problems involving such collisions. Such have been investigated both

theoretical:- and experimentally by Schulz and Brown (1955) whose data

.2
;how obvious and predictable departures from the linearity in the i

ver;;us V plots when collisions occur in the space charre sheath. Thus

we hay ( tl.m- lin;e:&ity of t:e i' ve.rous V ulot,_s in our ex;, rimc'nts

z.- indicator: of tne ao:.,ence of signi'icant ;,;;)th/colli-,ion- problems.

.;ct rrobl(,ms would result in upcurving of the plots (not observed) and

erronoounly high ion densities. The latter would thi, n result in an

ownu rv nm of ti:, reciprocal ensity versus time lots from which the

rcolluintian coe Fficient:, are deduced. The reciprocal density plots obtained

o ..e X 
4 NO, reaction arc giver in Fir. 1. The linearity of these

curves-: is taken as additional evidence for the validity of the probe

,cmi- ue. The considerable amount of work done in relation to the

cinr:,tion of 1,.lc.nmcir probes und r various conditions of char-ed particle

Ie'!SjtV, ,:res:;ure etc. is summarized in the book by Swift and

/
Th. effective bin-try recombintion coe-ffici(en!V;, 4- for reaction

(3) wr-' obtained from the slopes of the curves given in Fig. 1.
/

Similsr d',ta wre obtained for reaction (4) and U. e vaues of O2

obt-iinp,< at th. sweveral pressurea at 3)CK for both reactions ar,- riven
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in Table 1 together with our previously published data for the oure

binary coefficients, C2" These data are pre.zsented graphically in Fig. 2
/

where it is apparent that in both reactions CC 2 is sensibly independent

of pressure below -1 Torr i.e. 02 (<1 Torr) % 2' the pure binary

rate. Note t:c excellent agr-eement of < with the previously publishqed v-Aues.,

corroborating- the previwus r,, I. th,:,t OZ for r,':Ac io ( ) i:: ,i!nifjc~intly

larger than that for reaction (4). Howevr, abov' -1 T rr, C4, for

both reactions clearly increases with incr-aE;ng- prs sure, the increase

being significantly greater for reaction (4) than for reaction (3).
/

Clearly within this low pressure range O does not vary linearly with
2

pressure as predicted by the Thomson t2rnary mechanism whicK hzr been suownr

to be valid experimentally at hiTh rrsurs (,han and Peron, 1:EI4

hereafter t'-med -i'). Bit I r, I,,: faor o both t~i crv(,:2 C! v n in Fir.

2 can be described as an exonntial!y ancro ). n - O/ ith he-!ium

pressure, viz:

Oi- 02 exp (Cp)
2 2 (;

where C2 is the low pressure limiting value, previously describe(h az

thn pressure invariant, nure binary valno. Thu ,. for reactions (-5) and

(4) respectively we have th-t at 300K in the ,easure ran.e 0-3f Torr:

oxp / 7 e U
Oe 4(-8) exp /4-_7 cm- 1

2--- cr- s (',)

-1
where the exponents have units of Tor * The mo!e rzApid rise of

Oe / for reaction (14) relative to r, act:,,n ( )is no' ;,en a n o lar, r

exponent in (7) than in (6), these br,.in , in th( approximate ratio of

1-8: 1. Significantly, thi.s, is close to th invrse ra!tjo of te mean

free path of the heavier ions (SF 4, SF-) relative to the lighter ions

(NO4 , 140) in helium an caicn]ated from the :ero fi'eld mobiljti,,: in

helium (!VcDaniel and Mason 19'73, Smith and Church, 1,'/(,) usi n: the

l-in-evin expre:..,. ion (Lonb, 195v,). ' mean f',', ;ati: ire i nid: c:tor:;

-39 -



of the degree of collif;ional coupling between the accelerated ion; and

the helium atoms. A similar correlation has been observed by Mahan

and Person (1964) between the mean free path of NO , NO2 ions in various

gases and the ternary recombination coefficients of these ions in the

higher pres:;ure (Thomson) re"ie.

Equation (5) cr>n now perhaps be re-written as

2 = 2 exp

where X is the mean free path of the ions in the heliur. '..hat then is the

mechanism operating in this low pressure region which causes the

variation with pressure to differ from that in the Thomson regime?

We can only off',.r a qualitative explanation to t.-.is in which we envisag[e

that collis;ions of the ions occur with the heliium atoms at larg-e distances

of sesaration of th, noitive and negative ions, R, before they have gained

,.recinble kinetic energy via acceleration in their mutual Coulombic field

. .,hen kT > e'/R. Under these circum.-tanc, s, t. ions will effectively

be "cooled" below the "temperature" they would orh'.rwise possess in the

ausence of collisions and a corresponding increase in the mutual

n lizat-on rate will. occur (a:. is referred to in the lntroductdon).

'T.ua..e vi.. thc.t process as "collisiorialy,-enhanced rutual neutralization"

.,abv h,'. collisions z:t lar 're t;epar,'tion distances do not result in

tr; in-, of th(2 ions followed by inevitable neutralizzation (as envisa!ed in

the( hiom.-on riechanism) but rathe- the mod!fic' tion of the factors which

in'luince the mutuol neutralization rcte (e.g. ex.ranson of the "absorbing

sahare". St.ee , tee review by roseley et al 1975). This is very like the

process whic BAtes and 11endas (197db) sur-rest and formulate for vry low

gas densities';.

W,, a , o do nut. have n convincin/g explan;ition for t! n al pprent

S' ,n,',i. al tie(r' : o:; of O(,, with pr:;,;,ir- more thin to jug'(et that I i:

reminiscent of the loss. of enery of partic].es traversing a resistive
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medium (an exponential fall in temprature of tif, ions in the v,-ry w.ak

part of the Coulombic field?). Clearly, th2 exponential incr( ,ie of

Oz c-rnnot be maintained up to pres:urer much treater than the maximum
2

available in our experiment. The MP data for 10 4 t1O2  in helium at

higher pressures conforms with the Thomson mechanism U1 2- 2),

and so our lovwer pressure data must merge with these (to within any

normalization errors) as we have indic,tcd in Fig. -$. The 171 Uata

in helium indicated by the dashed ]ine Jr ;a in,,' vxtrabol:tion of

the I. data from pressures greater than 50 Torr a-'i i5 -ubject to apreclc d]

variation due to the large extrapolation. This fig, ure also forcibly indic ten-',

as recognised previously, the dangers in extraeolating higher eressur, dat

in order to obtain bina ry recombinat on coefficients. It also refutes

the concept of a pre3sure independent t rnary ionic recombintioin
coefficient (since Ole is not linearly de:endent on rrYss'e :: i5

recognised implicit:: in theoretical models ( F.-. !t. -:.J !:endzs, 197g))

which we have b_,en forced to use previous>Y in At:ownh-,ri c moud&linr'

(Smith and Church, 1977).

A final point to note before discussing- the, ;t:.torhric ilicatons;

of the present data is that any hidden compliczitioivr due to op. r;,tin,

the Lan.uir probes at high pressures (sh-ath collisions t-c. di:-cA:;sed

in the Experimental section) would finally result in the anomolouar
/ /

reduction of OC2' so the increase in C2 with incrr, ring pres:.;ure in

indeed a real enhancement of the r:comb.intion cocfficients.

ST ATOSPTh :IC I- LJC;.Tf O11S

A rapid rise in 0<2 in the very low pre.-sure r gJime indicated b.,

the present data could not have been accounted for in p evinur ,.;tI im: i,.:
/

of atmospheric de-ionization rates. The rate of incra:;,e of OP
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depends on th, nature of the interacting ions and we have su -ested that an

important parameter is the mean frce path of the ions in the ambient gas

(relation (b)). In the stratospheric the positive and negative ions are

known to be lare clustered species e.g. H O4 (H0) and NO- (OO)
3 2 n 3 3 m

(Arnold et al., 197', 1978; Arnold and Fabian, 1960; Arijs et al., 197S,

19.O, 1981) and of cour:;e the ambient gas is largely N 2  Threfore we
W2

need to estimate 02 for thin combirrtjon of ion types recombining

in 1N;. The MI data indicates clearly t.rt 112 in much more effective in the

promotion of ternary recombin-tion than helium (so- Fig 3) which is qul !e

consistent with the idea that is a prime indicator of the catalytic ef ect

of axr.bient f .--s in ternary recombination. The X values arc a-:'in calculated

fra n the zero field mobilities usin - the Langmuir exp:-ession (Loeb, 1955).

] onlLC rnobJ]i -ein T! for simple and cdust -red ions are typicail,''

-o,. ::er ti:m:e smnall than in helium, do not vary Lr'"' tx.ith ionic

.d v:,. ;.tualy" been me.asured for snveral clust.'rtc -ositive ons

(Dot_ '1 eta] , 1C'6). Lsing the Lan:-,muir expre:rs on, for t 're ions

in h! is seen to be about three times smaller than in Be. Thearefore
/

I-exet ti.at O(41 will increase with pressure even more ra-idl-:
4 " -

for cTu-t r eons in ;J, than for tv. SF_ 'SF 5 ions in helii~m. We assone (see

F4 ") tl'it C< for this :.-yntcri wll rerg(e ',._tn ti l da

ob)ti.ined for (o1ten0abl'r) O/110 in a t hie,. re:uro (it is

fJ;hly probable tha:t the ions present in the IIP exp.rinents at the

!J r ,"'(r'e: w"e irdeed cluster ions unless the ga ,ses used i,.re

(,::trt :.,eI, o, ;o %i- ha,-ve contruct ,'d tlc, lo-: i)., ,.. U1',. .. curve

I ' i: -!V .I jr'i t v;: I i jf 'v r c, ! o )c: " 1

%i i(:I w ' iv' t :C(!t ,' n ;t 1. t o be :i >, . a v . 'o" ;; .. ;' inhel'ic-li e

ioni. (.";mith c't dt ., ".' ;1) n(Io uij ni,: v.,luc,()I, A ill 'u,, i'm (]

which i:; threc Lim,'; that derived for the 1O4/140/, raction.
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Also in Fi!:. 3 we hv ncludei the Md' d;ta it N,, ad.tu;td to

stratospheric te !l).r ture:; (U Zt:tndard Atmosphere, 1)7' ), adopting

-3a T tem r:.ture d. )endence for the three- body raite coefficient

(a compromise between the T - "-) and T theoretical values -ind

the T-4 experimental value of Fisk et al., 1967), and morlued it
1

with our low prc:sure curve adjusted only as T- (aa:uminr tiat

in this region the process is larf(-ly "co]Iision:.!I,: tnha.,nced

binary recombination" as dircunsed above). The rr'ijd increane

in CW2 at low nressure is similar in form to Lth.ter-Lie:.l cur es

predicted by 13.tes and Nendas (1978b) for molecul- r ,o:oi Live anf nogative ;,)n:

r,.corbinin7 in oxy:-en, when a finit, vzluo of C.. i:, id in tli'

cralculations. Also it is int' restin. to note that when t.ey op-ly
t:.s th.-oret ical model to the hir:h o,:y , o.m . .' of LoGowan (1

fz:, ovcra!-l a;-eeme.nt is obt:inci. :.iti. ir, & v;lc of '(-8) cm S

this beinf in good ajIrucmcnt with our orcvioi:; v!Ia;e,; of /- fn. man>"

simple and clustered ions obtained usin-, L .. li t,.c'Ai ,u(. (L7..

Smith o. al., 197)

Wt h: y- included an al ti tMWd ,;cle in Fi -. 5 ::o t .:,. ()Oi) b. -L

/
esr't-r-te of at any point in the, stratosph.'rc, c:,n recdily be

obtained. The curve indictes that oCI ri Son r:a dly.) 1.: La

altitude of aboat 1 5km at which ,i.e. pure binrv ionic
2

recombirnotion, until about i4Okr.l, 2.e. the effective

ionic recombirvtion coefficivnt is: a;,yroxim:tely t-,ice the typical

pure binary coefficient. At an --ltitude of about 35jYaks at which

several recent balloon-borne ob.;crv tion of stratospheric ions h'.v

been carried out (Arnold et al., 1977, Ij ?/S; Arno'd and Fabian, 1980;
/: '.-1Arijs et al., 1973, 1980, 1981), C< has reached 3(-') c s .

/
At lower altitudes, 2  increases less rapidly with pr ,.:-urc a:;

described by the higher pressure NP data adjusted to account for the
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tfnl., rture gruadentr in I l, lowr iitmo-;phere.

CONCLUSIONIS

The present data for two positive ion/negative ion neutralization

reactions indicates a rapid increa.:;e in the neutralization coefficient,

Of- from the low pressure limiting value C<2' for only a few Torr

increase in tl.e helium buffer gas pressure. Taking account of thc

relativc efficiencies of nitrogen and helium as buff-r gases, we conclud-

on the b:is of a simple model and intuitive reasoning, which is given

some cr,.,d.ce b:' the hit-h, r presnure data of Iahar and Person (1 9 64),

ti!:,t a rapid increase in OL will occur in the stratosphere below

b'ut ,)Ix~ . nltitud(. An estimated five fold increase in O 2 betw, n

'-9"r: "'Yzr is indicated (see Fig,. 3), a factor of about 2 greater than

oI jp:-v vioua e ti ,ten which, uere bafscd only on the previous hih .r

(:>."rJib hAnd Chin'ch, 197,'). Our i)rev,.i - , -vblifhrd data

,or I, nure o n;,ry mutua:l util izution react.onn O. ic. occur in tne mero, .,

.r confirmed by the pres;ent low truEi..ure (<1 Torr) d-!t,.

., .' : .'] to the lin tt-d gt:i.s Air Force for rIoVirifl:- UZ

i )) a jraut. (Gr',nt. 1io. i,'); -7/' O) in prt i :;u ;o't of this worl

:115to lrof'O,:5:or A.. Imor, for tw provi a ion of laboratory f:cilitiec.
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F] (11,1*Z A .) TAII. CA;11O'.3

Filg. 1 Plots of reciprocal pooitivC! ion density, n-1, vt-rsus afterg-[,low

time in NO +/140- afterCiow plasmas at the several prensuref;

(in 201-Y) indicated _t i(,r)K. Values of O~for the NO0 + No-
2 pr

rt':!ction are. obtained from the best fit lines throug.h the T)oin'ltu

ond are- given in Table 1 aind Fig. 2.

Yi-. "I VaIlue of CC as a function of helium pr2essure at 300 for

the two reactions indic:ited. Also indicated are the values

;:eviouf'1y obtained at low 1);z;ures by the autliors indictoAd

(r.- a] ::n 'PWIv 1). The ,;ol i l curve.-- tr- do:.cribhca by the

ox!pof' IlLi"1 .'i' m I (15 For Iivet in5 LcxL.

'P, a-tj, for C( from Tzable 1 plotted on a corprcenseci

, ;o ak:; to incluide thc hir'nor pressunre MP data ostcn,;iblv

S -e r ctow:of0 -4 in botsi helium an:: n.'.trc 's:n.

aLI :.z f nct on of alt' a~d- in the ;rtz''r'

u c ')a!-( : 1 s-o Iivun zir a n.ierorr t i e hi ;Yvr p. F'.qIre

' n ;jnas fron thr' Vici& ivd ~:.t~ sa

es- (Ie d;:(se.(e text).

1. T1. V If.:; W, C. s funlction jf ls'liIj p ) s for t;;, wo

i ti L. d. 1,1:;o I-ivt'n ii-t the 1):',V W01 1;; slas 0 OfO I



TABLE I

Reaction He Pressure a 2 x 10
( T o r r)( re 3 - 1 )

NO+ + NO2 -  0.5 6.5 *
0.7 6.4 *
0.54 6.'1
1.1 7.3
2.2 7.9
4.2 9.6

+ 7.6 14.7
SF3 + SF5-0.7 4.0/

0.6 4.1
2.1 4.8
4.1 7.5
8.1 19.4

• Smith and Church, 1976.
Church and Smith, 1977.
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